Background {#Sec1}
==========

Child mortality reduction was a global target of the Millennium Development Goals (MDGs) and is included in the current Sustainable Development Goals (SDGs). China is one of the few countries that has already achieved child health goals for both MDG4 (reduce under-five mortality by two thirds between 1990 and 2015) and SDG3 (reduce under-five mortality to 25/1000 live births or less by 2030). This accomplishment merits further evaluation, both to understand the Chinese experience and to provide lessons for other developing countries undergoing health reform alongside rapid social and economic development \[[@CR1]\].

The determinants of child mortality have been extensively explored. Previous studies have established evidence-based child survival frameworks that identify three distinct levels of determinants \[[@CR2]--[@CR5]\]. Distal determinants (governance, conflict, environment) influence intermediate determinants (individual-, household-, and community-socioeconomic factors) which function via the proximate determinants (maternal and child characteristics, injury/personal illness control) to directly affect the risk of child morbidity and mortality \[[@CR2]--[@CR5]\].

The majority of studies on drivers of child mortality reductions showed that the most important determinants were health system factors (health financing, health workforce, vaccination, and other treatments), maternal education, household wealth level, and access to clean water and sanitation \[[@CR4], [@CR6]--[@CR10]\]. Most child survival frameworks identify the health system as critical in reducing child mortality. For example, one study of 146 low- and middle-income countries found that improvements within the health sector (e.g., health service coverage, immunizations) accounted for approximately 50% of maternal and child mortality reductions from 1990 to 2010 \[[@CR7]\]. According to Mosley and Chen, health systems contribute to higher child survival rates through institutionalized actions (e.g., quarantine, immunizations), cost subsidies which change the relative prices of health care services, public information/education/motivation, and technology (e.g., oral rehydration salts) \[[@CR3]\].

Within health systems, the health care workforce is a core component, since every health system function is either undertaken or mediated by health workers \[[@CR11]--[@CR14]\]. They prevent disease through disease-control measures such as vaccination programs for children \[[@CR8], [@CR15]\], help mothers develop healthy behaviors like early initial breastfeeding to boost children's nutrition and immune system \[[@CR2], [@CR4], [@CR8], [@CR16]\], and provide curative health care services which could directly save children from life-threatening diseases \[[@CR2], [@CR17]--[@CR19]\]. As far as child health is concerned, the health care workforce is required for the provision of medication, prenatal care, and pediatric services \[[@CR17]\]. Extensive evidence has confirmed the contribution of human resources for health to lower child mortality. Longitudinal studies from the United States of America \[[@CR20]\], Japan \[[@CR21]\], Brazil \[[@CR22]\], Vietnam \[[@CR14]\], Mozambique \[[@CR23]\], and Lesotho \[[@CR24]\] reported that the density of health care workforce was negatively associated with the infant mortality rate (IMR) and under-five mortality rate (U5MR). This conclusion has also been reached in several cross-country studies with both longitudinal \[[@CR17], [@CR25], [@CR26]\] and cross-sectional designs \[[@CR11], [@CR12], [@CR18], [@CR27]\].

Most studies of China have assessed the role of distal and intermediate determinants, focusing on economic, social, political, health system and policy, specific health interventions, family planning, culture/custom, and environmental factors \[[@CR2], [@CR9], [@CR10], [@CR16], [@CR28], [@CR29]\]. However, there have been limited evaluations regarding health workers and child mortality despite the large-scale health reform in China beginning in 2009. Anand et al. illustrated that a 1% increase in the density of health professionals and technical personnel led to a 0.133% decrease in IMR at a county level in 2000 \[[@CR16]\]. Guo et al. reported that the number of health professionals per capita was negatively associated with IMR among poor rural counties of five provinces in 1997 \[[@CR29]\]. A longitudinal study based on 116 maternal and child mortality surveillance sites between 1996 and 2002 found that, except coastal cities, health resources were the main factor that limited further decline of IMR, but the study did not quantify the direct impact of the health care workforce on IMR \[[@CR28]\]. At a province level, Feng et al. explored the determinants of U5MR over the period 1990--2006 and revealed that the health system and policy factor (including density of health workers and density of doctors) was positively associated with U5MR while the health program and intervention factor (including postpartum and neonatal visit) had a negative association \[[@CR2]\]. In terms of studying a local context, studies based in China have so far considered mostly unchanging characteristics such as the geographic region (eastern, central, and western China) \[[@CR30]\], poverty status (poor and non-poor) \[[@CR29]\], and urban or rural designation \[[@CR28]\].

Although accumulating studies have examined the relationship between the health care workforce and U5MR in low-income and middle-income countries, the literature still has several gaps. For instance, only a few studies used longitudinal data below the national or state/province level, including studies using data from China \[[@CR2], [@CR16], [@CR29]\]. Furthermore, some studies analyzed the association of the health care workforce along with health care service provision, which could lead to over-control since the relationship between workforce and U5MR is mediated by services, thus limiting the ability of these studies to estimate the total effects of the health care workforce on U5MR \[[@CR2], [@CR13]\]. The consensus among existing literatures is that the magnitude of this association varies in different contexts. These contexts most often refer to static characteristics or values, such as country type and geographic region \[[@CR30], [@CR31]\]. Nonetheless, many of these characteristics cannot easily be changed and the importance of such fixed characteristics may quickly fade in the context of the rapid economic transitions seen in many countries today. Finally, previous studies using cross-sectional data focused on the absolute level of a country's economy, while potentially overlooking another potential distal factor: it is not only the overall size of the country's economy (most often measured by gross domestic product, or GDP), but the pace of economic growth over time that may also affect U5MR declines. Despite economic changes that have been witnessed by almost every country, to date, no study (including those in China) has examined the association between the health care workforce and U5MR in terms of the trajectory of economic change.

China has made several efforts to strengthen its health system since the health reform in 2009, including actions to enhance the health care workforce, which provides an appealing context for this study. Before 2009, China faced a host of human resources for health issues related to a shortage of qualified staff, low compensation, and high workload, especially in primary health care institutions \[[@CR32]\]. The 2009 reform increased investment, such as an additional US\$ 127 billion to develop infrastructure and expand the health care workforce in thousands of health facilities at county, town, and village levels in rural areas, and in community health centers and stations in cities \[[@CR33], [@CR34]\]. The reform also helped establish a more efficient and standardized operating mechanism for health institutions, such as reasonable headcount allocation and scientific performance appraisal, which was intended to increase the motivation and retention of health professionals \[[@CR33]\]. It is noteworthy that economically disadvantaged areas received more financial and policy support than previously \[[@CR33], [@CR35]\].

This article evaluates the association between increases in the number of health professionals after health reform in 2009 and U5MR in rural China. It also explores whether this association differs given the diversity of counties and their pace of economic growth over this period. We hypothesized that increased number of health professionals in a given county would be associated with decreased U5MR and that this association would be larger in economically disadvantaged counties and in counties with low initial GDP that rose more slowly over time than in other counties. Results of this study could inform future health human resources planning to improve child health outcomes in other developing countries.

Methods {#Sec2}
=======

This study employed panel data with the county (one of the smallest administrative units in China) as the unit of analysis to evaluate the association between health professional density and U5MR in rural China.

Data sources {#Sec3}
------------

We constructed a county-level panel dataset based on routinely reported data from the National Health and Family Planning Commission of the People's Republic of China, National Bureau of Statistics of the People's Republic of China, Provincial Bureau of Statistics, and National Population Census Database, and province-level data from the China Health and Family Planning Statistical Yearbook \[[@CR36]\]. Data were collected by the county Bureau of Statistics using consistent measurements across years and counties, which are then reported to municipal Bureau of Statistics and then to provincial Bureau of Statistics. The list of counties' poverty status was obtained from The State Council Leading Group Office of Poverty Alleviation and Development \[[@CR37]\]. Counties were officially designated as poor according to a set standard varied by province, such as net income per capita, GDP per capita, and fiscal revenue per capita \[[@CR38], [@CR39]\].

The data covered the period before (2008) and after (2010, 2012, and 2014) China's health reform. The original numbers of rural counties were 2035 (2008), 2035 (2010), 2034 (2012), and 2033 (2014), totaling 8137 county-year units. After imputation (75.21% of the observations were imputed for the female illiteracy rate), excluding extreme outliers (176 observations or 2.16% had zero U5MR, zero hospital-based health professionals, missing values for hospital-based health professionals, or negative female illiteracy rates), excluding counties with only 1 year of data (5 observations or 0.06%), and excluding missing values (303 observations or 3.81%), the final number of observations was 7653 (1956 in 2008, 1909 in 2010, 1859 in 2012, and 1929 in 2014). Though the panel was unbalanced, 92.13% (1802) of counties had data covering all 4 years. Altogether, the final included counties had an average of 894 million people. See Additional file [1](#MOESM1){ref-type="media"}: Table A1 of Appendix 1 for further information on missing data.

Conceptual framework and measurements {#Sec4}
-------------------------------------

Our conceptual framework is based on existing theories and literature and uses a directed acyclic graph (DAG) (Fig. [1](#Fig1){ref-type="fig"}) to illustrate hypothesized causal relationships between the density of health professionals and under-five mortality and to guide model specifications \[[@CR2]--[@CR5]\].Fig. 1Conceptual framework illustrating hypothesized relationships between the density of health professionals and under-five mortality

Our conceptual framework includes five parts in the dashed oval, as follows: The health system includes health expenditures, health professionals, equipment, and other components such as governance and leadership. Health professionals are defined by their density and skill mix. The main health outcome is U5MR. Proximal factors are grouped into five categories: maternal characteristics (age, education, parity, birth interval), child characteristics (gender, birth order, size at birth), environmental factors (air quality, access to improved water/sanitation facilities), nutrient deficiencies, and injury/personal illness control (access to preventive/curative services) \[[@CR2]--[@CR5]\]. Intermediate factors include economic development and social development \[[@CR2]--[@CR5]\]. Distal factors include governance (state regime, political stability, policy, income inequality), conflict (terrorism incidents, refugee populations), environment (natural disasters, urbanization), and culture (traditions, norms) \[[@CR2]--[@CR5]\].

Distal, intermediate, and proximal factors could affect both the health system and health outcomes, but we are unable to include all potential confounders due to constraints imposed by the availability of county-level data. Observed variables are shown in solid boxes, while unobserved variables are in dashed boxes. The effects of observed variables are represented using solid arrows while those of unobserved variables are using dashed arrows.

This study focused on the impact of health professional density on under-five mortality, so we tried to control all the measurable confounders of this relationship, both inside and outside the health system.

Under-five mortality was measured as the number of deaths among children under 5 years of age per 1000 live births. In this study, we used estimates of U5MR which had been adjusted for underreporting utilizing a validated small area mortality estimation model, spatiotemporal smoothing, and Gaussian process regression \[[@CR40]\].

The density of health professionals was measured as the number of health professionals per 1000 population in each county. These health professionals include physicians, assistant physicians,[1](#Fn1){ref-type="fn"} nurses, public health physicians, pharmacists, and laboratory health workers who were registered in their affiliated health institutions \[[@CR36]\]. Data on health professionals were obtained from the National Health and Family Planning Commission.

Economic development was controlled since counties with more prosperous economies could attract more health professionals and provide more nutritious food for children, and it could also modify the relationship between health professional density and U5MR \[[@CR24], [@CR41], [@CR42]\]. Economic development was measured as GDP per capita, and poverty type was treated as a moderator. Data were obtained from the National Bureau of Statistics.

Some maternal characteristics (female illiteracy rate) were also controlled. Female illiteracy rate has been recognized as an indicator for social development \[[@CR14], [@CR43]\], since women with lower education would have lower child health problem recognition and higher barriers to utilize health care services (note that in the framework the arrow is on health system rather than the density of health professionals) \[[@CR44]\]. They are also less likely to develop healthy behaviors and face barriers to adequate living conditions such as sanitation \[[@CR14], [@CR42], [@CR43], [@CR45]\]. The female illiteracy rate was measured as the number of illiterate females divided by the total female population over 15 years old. Missing data on the female illiteracy rate were imputed using a non-linear interpolation and extrapolation approach that modeled within-county changes in relation to existing values at the county level and contemporaneous values at the province level (see Additional file [1](#MOESM1){ref-type="media"}: Appendix 2) \[[@CR46]\]. Data were obtained from county-level census data and China Health and Family Planning Statistical Yearbook \[[@CR36]\].

The other two main confounders within the health system were health expenditures and supporting equipment. Health expenditures should affect the density of health professionals (due to the headcount quota system in China) and U5MR. Since there were no statistics on health expenditures at the county level and the health expenditure was highly correlated with GDP, the contemporaneous province-level ratio of health expenditure to GDP was chosen as a proxy for county-level health expenditures. We divided all counties into two groups by the national ratio in each year; counties below the national ratio were classified as low while others were classified as high. Health expenditure data were from the China Health and Family Planning Statistical Yearbook \[[@CR36]\].

Supporting equipment should affect the provision of services for children and U5MR. In terms of curative services, evidence has shown that emergency obstetric care and newborn intensive care improve the child survival rate \[[@CR8], [@CR19], [@CR31]\]. Therefore, we adopted the value of medical equipment per bed (equipment whose value is above 10 000 Chinese Yuan) as a proxy for the health system's capability to address these conditions. Data were obtained from the National Health and Family Planning Commission.

Some distal factors are considered as time-invariant such as local cultural and environmental factors (terrain), so they were controlled for by including county fixed effects. Year fixed effects were incorporated to account for secular trends.

The association between the density of health professionals and U5MR might be distinct in various contexts, since economically disadvantaged counties might have fewer health professionals and higher child mortality than economically advantaged ones. Contexts could also capture the types of (unmeasured and often unmeasurable) policies that local businesses and authorities have put into place to accelerate economic growth within counties that may have spillover effects on other factors such as housing availability, water, and sanitation. Thus, we considered the county context in two ways. The first was the county's poverty status (poor, non-poor) and the second was its change in GDP per capita over time. We grouped all counties by trajectories of their GDP per capita utilizing a group-based trajectory model with a censored normal distribution specification \[[@CR47], [@CR48]\]. The group-based trajectory model, a type of finite mixture model, is used here to identify distinct groups of counties following similar developmental trajectories over time \[[@CR47], [@CR48]\]. Trajectories are defined by the probability of group membership over time. A three-group model was found to provide the best fit based on the Bayesian information criterion. Group 1, estimated to account for 38.0% of all the counties, was labeled "low level and slowly rising." Group 2, accounting for 57.7%, was labeled "medium level and moderately rising." Group 3, accounting for 4.3%, was labeled "high level and rapidly rising" (see Fig. [2](#Fig2){ref-type="fig"}).Fig. 2Counties grouped by change in GDP per capita, from group-based trajectory model

Statistical analyses {#Sec5}
--------------------

This study employed a two-way fixed effects model. County-clustered robust standard errors were employed to account for possible auto-correlation and heteroscedasticity \[[@CR49]\]. The following is the full model specification.

ln(U5MR~*it*~) = *β*~0~ + *β*~1~*HP*~*it*~ + *β*~2~*HP*~*it*~^∗^*C* + *β*~3~*C* + *γX*~*it*~ + *λ*~*t*~ + *α*~*i*~ + *ε*~*it*~

In the equation, subscript *i* indexes counties and *t* indexes year. U5MR~*it*~ is the under-five mortality rate of county *i* in year *t*. HP is the number of health professionals/1000 population in each county. *C* represents county type defined by poverty status or trajectories of growth in GDP per capita. *X* is a vector of time-varying characteristics of county, including county-level GDP per capita (log), female illiteracy rate, value of equipment per bed (log), and province-level ratio of health expenditure to GDP (dichotomous variable and counties with value larger than or equal to the national average is the reference group). *β*~2~ accounts for the modification effect of county characteristics on the relationship between health professionals and U5MR. *λ* is a fixed effect for discrete years which captures general secular trends. *α* is a time-invariant county-specific fixed effect. *ε*~*it*~ is a county-year-specific random error term. All analyses are conducted using Stata/MP 14.2 (StataCorp, College Station, TX).

Sensitivity analyses {#Sec6}
--------------------

Multiple sensitivity analyses have been undertaken to check the robustness of findings. We reran the model with the unadjusted U5MR from the county-level Annual Report System on Maternal and Child Health which did not adjust for undercounting of child mortality. We dropped GDP per capita when analyzing the interaction between health professionals and GDP trajectories. Considering that supporting capability to address critical health conditions might affect the relationship between health professionals and U5MR, we analyzed the modification effects of the value of equipment per bed (continuous scale, and as a dichotomous scale using the median value for each year as a cut point) in the relationship between health professionals and U5MR. A clean and appealing built environment could attract more health workers and reduce the possibilities of exposure to risk factors for children, e.g., modern bathroom/toilet in the house. Therefore, we treated sanitation and hygiene infrastructure as confounders using province-level data (proportion of rural population with access to tap water and coverage of sanitary toilets) as proxies for unavailable county-level measures. Finally, because log-transformed health professional density had been used in previous studies, we reran the final model using log-transformed values and compared the difference in results.

Results {#Sec7}
=======

Table [1](#Tab1){ref-type="table"} shows descriptive statistics for rural Chinese counties every other year over the period 2008--2014. The U5MR dropped by 36.19% in 6 years. Health professionals/1000 population increased from 2.83 to 3.95. Disparities among counties were substantial. Compared to non-poor counties, poor counties had higher U5MR (25.70/1000 live births), lower density of health professionals (2.94/1000 population), and more than twice as large a decrease in U5MR. Counties with low initial level and slowly rising GDP per capita had the highest U5MR (25.81/1000 live births), lowest density of health professionals (2.89/1000 population), and the decrease of U5MR was about twice as large as the other two groups. Counties with high level and rapidly rising GDP per capita had the lowest U5MR (12.96/1000 live births), and the highest density of health professionals (5.81/1000 population).Table 1Descriptive statistics for rural Chinese counties, 2008--2014VariablesNationalPoverty statusTrajectory of GDP per capita^6^2008201020122014PoorNon-poorLow level and slowly risingMedium level and moderately risingHigh level and rapidly risingMean (SD)Mean (SD)Mean (SD)Mean (SD)Absolute change^2^% Change^3^Mean (SD)Absolute change^2^Mean (SD)Absolute change^2^Difference^4^Mean (SD)Absolute change^2^Mean (SD)Absolute change^2^Mean (SD)Absolute change^2^Difference^5^Under-five mortality rate^1^ (/1000 live births)23.97 (15.18)20.50 (12.71)17.13 (9.52)15.29 (10.86)− 8.66− 36.1925.70 (16.40)− 12.6815.11 (7.03)− 6.0310.5825.81 (16.51)− 12.7215.37 (7.08)− 6.0312.96 (7.55)− 7.2610.44Total HP in county (/1000 population)2.83 (1.47)3.19 (1.52)3.53 (1.71)3.95 (1.83)1.1439.662.94 (1.45)0.983.65 (1.77)1.24− 0.712.89 (1.39)0.983.51 (1.64)1.205.81 (2.28)1.75− 0.62GDP per capita (log, ¥)9.46 (0.68)9.78 (0.67)10.11 (0.65)10.28 (0.62)0.828.629.43 (0.58)0.8810.21 (0.64)0.78− 0.789.40 (0.54)0.8810.13 (0.56)0.7811.45 (0.48)0.79− 0.73Female illiteracy rate (%)15.08 (11.57)10.68 (9.88)9.65 (7.77)10.38 (9.69)− 4.67− 31.1916.34 (13.54)− 6.028.36 (4.90)− 3.787.9816.45 (13.65)− 6.078.43 (4.93)− 3.708.18 (5.13)− 4.918.02Provincial ratio of health expenditure to GDP (%)4.55 (1.36)5.21 (1.39)5.46 (1.25)5.92 (1.28)1.3730.085.95 (1.40)1.534.86 (1.25)1.281.095.95 (1.39)1.544.93 (1.26)1.284.07 (1.04)1.151.01Value of equipment per bed (log, ¥)10.24 (0.83)10.48 (0.66)10.73 (0.59)11.01 (0.61)0.767.5110.38 (0.81)0.9510.76 (0.64)0.64− 0.3910.38 (0.81)0.9410.73 (0.64)0.6611.20 (0.62)0.62− 0.35Numbers in parentheses are standard deviations*HP* health professionals, *GDP* gross domestic product^1^Adjusted under-five mortality rate \[[@CR40]\]^2^Difference between year 2008 and 2014, *p* \< 0.001 for all variables, from paired *t*-test^3^Percent of change from 2008 to 2014^4^Difference between poor counties and non-poor counties, *p* \< 0.001, from *t*-test for two independent samples^5^Difference between counties with low-level and slowly rising GDP per capita and counties with medium-level and moderately rising GDP per capita, *p* \< 0.001, from *t* test for two independent samples^6^One-way analysis of variance for the three groups based on trajectory of GDP per capita shows that not all groups are equivalent (*p* \< 0.001). Multiple-comparison tests show that all variables are distinct in each group except the female illiteracy rate between counties with high-level and rapidly rising GDP per capita and counties with medium-level and moderately rising GDP per capita

Table [2](#Tab2){ref-type="table"} presents the results of the full regression model and interaction analyses. According to model 1 (full model), one additional health professional/1000 population is associated with a 2.6% (*p* \< 0.001) reduction in U5MR, after controlling for other covariates. Models 2 and 3 show that county poverty status and GDP trajectories moderate the relationship between health professionals and U5MR. The U5MR reductions attributable to one additional health professional/1000 population are 6.8% (*p* \< 0.001) among poor counties, but only 1.1% (*p* = 0.117) among non-poor counties (model 2). These reductions are 6.7% (*p* \< 0.001), 0.7% (*p* = 0.326), and 4.3% (*p* = 0.029) in counties with low GDP that slowly increased, medium-level GDP that rose at a moderate pace, and high GDP that rose rapidly, respectively (model 3). Higher GDP per capita, lower female illiteracy rate, higher ratio of provincial health expenditure to GDP, and higher value of equipment per bed are associated with lower U5MR.Table 2Models for the association between the density of health professionals and the under-five mortality rate in rural China, 2008--2014Variables(1)(2)(3)Full modelInteraction with poverty statusInteraction with GDP trajectoryTotal number of health professionals− 0.026\*\*− 0.011− 0.0070.0070.0070.007Poverty status (non-poor group as the reference) Total HP \# poor− 0.057\*\*0.014Trajectory of GDP per capita (medium group as the reference) Total HP \# slowly rising− 0.060\*\*0.014 Total HP \# rapidly rising− 0.036+0.021GDP per capita (log)− 0.099\*\*− 0.080\*\*− 0.082\*\*0.0260.0260.026Female illiteracy rate0.004\*0.0030.0030.0020.0020.002Provincial health expenditures/GDP (high group as the reference)0.051\*\*0.047\*\*0.048\*\*0.0150.0150.015Value of equipment per bed (log)− 0.017+− 0.012− 0.0130.0090.0090.008Number of observations7 6537 6537 653Adjusted *R*^2^ (within group)0.4230.4270.427*HP* health professionals, *GDP* gross domestic productNumbers in the cells are fixed effects estimators with their standard errors underneath+*p* \< 0.1; \**p* \< 0.05; \*\**p* \< 0.01All models include fixed effects for years and intercepts, but these values are not shown in the table

None of the sensitivity analyses in Table [3](#Tab3){ref-type="table"} or Additional file [1](#MOESM1){ref-type="media"}: Table A2 of Appendix 3 meaningfully change the main conclusions, which suggests that the results presented here are robust. The sensitivity analyses with unadjusted U5MR (model 1), interaction analysis with equipment value per bed (continuous scale in model 3, dichotomous scale in model 4), and the model excluding female illiteracy rate (model 5) do not significantly affect the main conclusions of the relationship between health professionals and U5MR reached with the final model. The results of interaction analysis with trajectories of GDP but without GDP per capita as a covariate (model 2) are similar to those in model 3 of Table [2](#Tab2){ref-type="table"}.Table 3Sensitivity analyses for the association between the density of health professionals and the under-five mortality rate in rural China, 2008--2014Variables(1)(2)(3)(4)(5)Unadjusted U5MRInteraction with GDP trajectoryInteraction with equipment value (continuous)Interaction with equipment value (dummy)Without female illiteracy rateTotal HP− 0.035\*\*− 0.007− 0.042− 0.024\*\*− 0.026\*\*0.0100.0070.0440.0070.007Trajectory of GDP per capita (medium group as the reference) Total HP \# slowly rising− 0.065\*\*0.015 Total HP \# rapidly rising− 0.035+0.021Total HP \# Value of equipment per bed (continuous)0.0010.004Total HP \# Value of equipment per bed (high group as the reference)− 0.0050.006GDP per capita (log)− 0.087\*− 0.098\*\*− 0.100\*\*− 0.103\*\*0.0410.0260.0270.026Female illiteracy rate0.005\*0.003+0.004\*0.004\*0.0020.0020.0020.002Provincial health expenditure/GDP (high group as the reference)0.037+0.047\*\*0.051\*\*0.051\*\*0.050\*\*0.0190.0150.0150.0150.015Value of equipment per bed (log)− 0.001−0.014− 0.021− 0.018\*0.0120.0090.0150.008Value of equipment per bed (high group as the reference)0.0190.023Number of observations7 6187 6537 6537 6537 653Adjusted *R*^2^ (within group)0.3270.4260.4230.4230.423*HP* health professionals, *GDP* gross domestic productNumbers in the cells are fixed effects estimators with their standard errors underneath+*p* \< 0.1; \**p* \< 0.05; \*\**p* \< 0.01All models include fixed effects for years and intercepts, but these values are not shown in the tableModel 1 shows the result when the dependent variable is the log of unadjusted U5MR which does not consider undercounting of child mortality. Model 2 analyzes the modification effects of GDP trajectory on the relationship between health professionals and U5MR, but without GDP per capita as a covariate. Model 3 and model 4 analyze modification effect of equipment value per bed (continuous scale in model 3, dichotomous scale by median of each year in model 4) in the relationship between health professionals and U5MR. Model 5 shows the results without the female illiteracy rate as a covariate

In Additional file [1](#MOESM1){ref-type="media"}: Table S2, sensitivity analyses with the proportion of the rural population with access to tap water and coverage of sanitary toilet (models 1--3) lower the magnitude of the association between health professionals and U5MR, but do not otherwise affect the main conclusions of the relationship from those of the main model. Models 4--6 using the log-transformed density of health professionals as predictors show the same direction as the main model.

Discussion {#Sec8}
==========

This study found that recent increases in health professionals were associated with reductions in child mortality in rural Chinese counties. Further, the magnitude of this effect depends on local economic development status; the greatest effects were seen among poor counties and counties with low initial and slowly rising GDP per capita. Increasing health professionals among poor counties could decrease U5MR by 5.7% more (*p* \< 0.001) than a similar investment within non-poor counties. Similarly, investing human resources for health in counties with low initial level and slowly rising GDP could decrease U5MR by 6.0% more (*p* \< 0.001) than doing so in counties with medium initial level and moderately rising GDP. A set of sensitivity analyses support the robustness of these results.

Our findings are consistent with and update previous Chinese county-level studies, such as those by Anand et al. and Guo et al. \[[@CR16], [@CR29]\]. Our study is also congruent with the international literature using local (county) level data. A one-unit increase in health professionals (excluding pediatricians) was associated with a 47% reduction in U5MR in 366 "Secondary Tier of Medical Care Units" in Japan \[[@CR21]\]; a one-unit increase in physician density was associated with 2.3% reduction in neonatal mortality in 4267 counties (municipalities) in Brazil \[[@CR22]\]. However, these findings differ from some province-level studies in China. Feng et al. reported that the "health system and policy" factor (that included density of health workers) was positively associated with U5MR, but this analysis also controlled for health care services which are likely to be mediators of this relationship \[[@CR2]\]. Sun illustrated that physician density was positively, but statistically insignificantly, associated with IMR \[[@CR9]\]. It is important to note that studies using province-level data are unable to reflect variations within a province. The high levels of county-level heterogeneity within provinces may help explain these seemingly contradictory findings. For instance, using 2014 data, in Anhui Province, county GDP per capita differed by as much as 12.39 times between the richest and poorest county and this corresponded to a 2.35 times difference in the number of health professionals/1000 population.

The relationship between health professionals and child mortality has been well established, but the magnitude varies by local economic context. The magnitude is much larger among poor counties; one more health professional/1000 population could reduce U5MR by 6.8% in poor counties but 1.1% in non-poor counties. Results from previous study corroborate our findings. It was found that in poor rural counties, the number of health professionals per capita was negatively associated with IMR \[[@CR29]\]. Counties officially designated as poor qualify for additional support, such as financial subsidies and tax deductions, from both the Central and province-level governments \[[@CR50]\]. However, these counties are still less attractive for health professionals due to their low economic and social development level and likely living conditions. Nevertheless, increasing the density of health professionals in these counties would contribute to a greater reduction in U5MR than placing these professionals in other locations.

The relationship between health professionals and U5MR among rural counties with different GDP trajectories exhibits different patterns: it was the strongest among counties with low initial level and slowly rising of GDP per capita, followed by those with high level and rapidly rising GDP. Rapid and sustained economic growth is likely to bring a host of improvements in many determinants of U5MR, while those counties that did not experience such growth will remain dependent on health workers as the prime driver of child mortality reductions, all else equal. Moreover, with sustained low levels of economic support, it is hard for these counties to attract and retain health workers and to provide enough health care services \[[@CR51]\]. However, the counties with high-level and rapidly rising GDP contain the most health professionals/1000 population, have the lowest U5MR, and have also seen the most substantial drop in U5MR (reduction of 7.26/1000 live births in 6 years). Subgroup analysis (not shown) suggests that the elasticity of U5MR to GDP per capita was strongest in these counties (*b* = − 0.156, *p* = 0.064). Moreover, this analysis considering different GDP trajectories is consistent with theories of economic growth that emphasize that such growth is not only a product of basic endowments, but must also incorporate changes in technology and accumulation of capital and other investments over time \[[@CR52]\]. Such growth is considered by most economists to be endogenous in that it depends on different choices made often early in the observed time period \[[@CR52]\]. It seems therefore logical that such differences could have wide-ranging effects on health and health care, as our empirical results suggest.

China's achievements in reducing child mortality were mainly attributable to supportive curative services and, more importantly, prevention (primary, secondary, and tertiary) services \[[@CR53], [@CR54]\]. Primary prevention services include health education, pre-pregnancy medical examination, folic acid supplementation, and pregnancy health care \[[@CR55]\]. Secondary preventive measures include provision of available and appropriate treatment of diseases in township centers, and prenatal diagnosis in provincial/municipal/county hospitals which allows for necessary pregnancy termination \[[@CR19], [@CR56]\]. Tertiary preventive measures include early curative services such as early surgical treatment which could directly improve the survival rate of children \[[@CR19]\]. Increases in the health care workforce contributed to the supply and effective implementation of these services. However, insufficient health care workforce could limit the provision of these services and increase child mortality rates. For example, a study in Guizhou province and Shaanxi province demonstrated that 30% of deaths among 0--59-month-old children in 2008 could be prevented by 2015 if primary health care intervention coverage had expanded to a more feasible level \[[@CR15]\].

The Chinese health reform since 2009 proposed several measures to support health systems in economically disadvantaged areas. For instance, developed areas helped their counterparts in poverty-stricken areas to develop a health system with long-term and stable counterpart support mechanism; Central and provincial governments increased the level of transfer payments to economically disadvantaged areas; health professionals were incentivized to work in central and western China; the construction of health facilities in remote areas was also accelerated \[[@CR33], [@CR35]\]. Although the government realized the importance of investment in economically disadvantaged areas, there is still a long way to go.

This study has several strengths. First, this is the first ever longitudinal study evaluating the association between the density of health professionals and U5MR at the county level in rural China with nationally representative datasets. Second, time-invariant unobserved or unobservable county characteristics are controlled by county fixed effects, such as unmeasured geographical and sociocultural characteristics \[[@CR49]\]. The within R-square of the full model indicates that it explains up to 42.3% of the within-county variation in U5MR from 2008 to 2014. Besides, the fixed effects for years additionally control the secular trends and technical progress to some extent \[[@CR17]\]. Third, most existing studies exploring the heterogeneity of local contexts have focused primarily on time-invariant characteristics, but this study identified a new and important dynamic factor that may affect U5MR: the local level and pace of economic growth.

Study limitations are as follows. The foremost limitation of any ecological study is the possibility of ecological fallacy. Specifically, it is impossible to determine with certainty whether the child who would have died was the same who benefited from increased availability of health professionals, since child-level data are not available. Meanwhile, the mere availability of health professionals may not reflect the accessibility of children to life-saving health care services \[[@CR57]\]. Nonetheless, accumulating evidence has confirmed the importance of health professionals in improving the determinants of the child survival rate \[[@CR2], [@CR3], [@CR17]--[@CR19]\]. In addition, the fixed effect specification means that the results are "conditional" on year and counties involved in this study, so one should be cautious in making inferences to other years or places \[[@CR49]\]. This study may suffer from several time-variant omitted variables, such as the capability of health professionals \[[@CR14]\], as an adequately sized, committed, motivated health professional with public health and clinical competencies is a prerequisite for reducing U5MR \[[@CR17]\]. Some omitted variables could be proxied by factors included in the model, such as GDP per capita which has been argued to capture several confounding factors (e.g., nutrition, access to clean water) \[[@CR14]\]. Although we have used panel data with fixed effects specifications and performed several sensitivity analyses, there are still possible sources of biases that we could not account for and this study should therefore be considered to be associational rather than causal in nature.

The dataset also has some limitations. Health professionals in this study include all specialties not merely pediatricians, but outcomes are only measured among children, which may bias our estimates towards the null. The dataset only considers the number of health professionals, but it should be noted that health worker quality and capacity (which is often reflected by education level) may differ by year and region. The proportion of licensed physicians (including licensed assistant physicians) with a bachelor degree or above was 47.5% for all health institutions, and 11.9% for township health centers in 2014, an increase of 5.1 and 3.1 percentage points compared with 2009, while the increase in the proportion of registered nurses was 5.0 and 2.2 percentage points \[[@CR36]\]. The effects of improved quality over the years were absorbed by the increased number of health professionals, which might overestimate their influence. Additionally, although mortality undercounting has been improved in recent years, it is widely recognized that vital statistics registries do not fully capture all child mortality, so the main model using the adjusted U5MR should be considered more reliable \[[@CR40]\].

Conclusions {#Sec9}
===========

This study finds that increased health professionals are associated with reduced U5MR, underlining the importance of investing in the health care workforce to further strengthen rural Chinese health systems. Meanwhile, the stronger effects seen for health professionals in poor counties and those with low initial level and slowly rising GDP per capita justify further investments in these areas, such as recruiting new health professionals or reorganizing health professionals between different counties. Finally, the results of this study could be instructive for other developing countries striving to achieve SDG3 by identifying county-level characteristics likely to indicate where allocating additional health professionals may have the greatest influence.
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GDP

:   Gross domestic product

HP

:   Health professional

IMR

:   Infant mortality rate

U5MR

:   Under-five mortality rate

Formal medical training for physicians has three levels in China: medical college (5 years of medical education or more after 12 years of primary and secondary education to get a bachelor's degree of medicine or above), junior medical college (3 years of medical education after 12 years of primary and secondary education), and technical school (3 years of medical education after 9 years of primary and secondary education) \[[@CR51]\]. Completion of medical college is required to become a licensed physician, and junior medical college training is required to become a licensed assistant physician, both of which also need to pass the National Practicing Physician (or Assistant Physician) Examination and periodic government assessments \[[@CR51]\]. Due to this requirement, licensed assistant physicians have to work for several years before applying for their physician license. Furthermore, once they are licensed, assistant physicians assume nearly the same duties as licensed physicians, especially in primary health care institutions. There is not any other assistant role defined in official Chinese health professional categorization. For this reason, we only include assistant physicians.
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